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NASA TT F-11,795 

INVESTIGATION OF A SUPERSONIC GAS FLOW AND HEAT TRANSFER 
I N  THE REGION OF AN INCIDENT SHOCK WAVE ON A CYLINDER 

M.P. Te te r in  

ABSTRACT. Supersonic gas f low and heat t r a n s f e r  i n  the reg ion 
o f  an i nc iden t  shock wave on a c y l i n d e r  are invest igated.  The 
e f f e c t  of an inc ident  shock wave on a c y l i n d e r  i s  reduced t o  
the  e f f e c t  of a low-entropy stream formed as the  r e s u l t  o f  
i nc iden t - re f l ec ted  shock wave in te rac t i on .  Thus, the f low 
i n  the reg ion o f  incidence may be considered t o  be a un i form 
low-entropy stream over a p la te  a t  c e r t a i n  incidence w i t h  
the surrounding f lw  neglected. Precise measurements were 
made o f  the heat t rans fe r  on a t h i n  wa l led  (0.75 mm) c y l i n d e r  
40 mn i n  diameter a t  M = 5. The e f f e c t  o f  an inc ident  shock 

was observed by the eros ion  o f  ma te r ia l  on a p lex ig lass  
cy l i nde r  v i s i b l e  on shadowgraph records. The e f f e c t  o f  M 
on the i nc iden t  shock wave e f fec ts  w i t h  and w i thout  regard 
t o  the va r iab le  heat capacity r a t i o  i s  inves t iga ted ,  and 
the r e s u l t s  are given i n  graphs. The r e s u l t s  conf i rm the  
ex is tence o f  h igh  i n t e n s i t y  heat f luxes  i n  the reg ion where 
the low-entropy stream spreads over the cy1 inder  surface. 

1 

1. I t  was shown i n  [ l ]  t h a t  the  action of an inc ident  shock on a cy l inder  /92* 
i s  reduced t o  t h e  ac t ion  of a low entropy s t ream which is  formed due t o  the  
in t e r f e rence  of t he  inc ident  shock wave with the  shock wave r e l ec t ed  by t h e  
cy l inder .  This low entropy stream has la rge  dynamic parameters and leads t o  a 
s u b s t a n t i a l  l oca l  increase  i n  pressure  along t h e  f r o n t  sur face  of the  cy l inder .  
This pressure  i s  severa l  times g rea t e r  than the  pressure  along the  c r i t i c a l  
l i n e  of t h e  cy l inder  i n  t h e  unperturbed flow. 
c i t y  g rad ien t s  at  the  p lace  where t h i s  s t ream spreads over the  f r o n t  sur face  of  
t h e  cy l inde r  when the  width of t h i s  two-dimensional supersonic  stream i s  small 
(from 3 t o  5% of t h e  cy l inder  diameter).  
s u b s t a n t i a l l y  exceed t h e  ve loc i ty  gradients  along the  c r i t i c a l  l i n e  of  a cyl in-  
d e r  i n  an unperturbed flow. 

We should expect i n t ense  velo- 

These in t ense  ve loc i ty  grad ien ts  

The simultaneous combination o f  increased pressure  and v e l o c i t y  grad ien ts  
a t  t he  c r i t i c a l  po in t  C where the  low entropy streams spread out enables us 
t o  consider  t h i s  po in t  as t he  place where w e  have a m a x i m u m  heat  t r a n s f e r  on 
t h e  f r o n t a l  su r f ace .  

As i n  the case of the total pressure computation, t he  stream method can 

The b a s i c  parameters of a low-entropy stream were de te r -  
b e  used f o r  the  approximate computation of  h e a t  t r a n s f e r  a t  t h e  c r i t i c a l  point  
C of t he  cy l inder .  
mined i n  f r o n t  of t he  c r i t i c a l  po in t  i n  [l]. 

* Numbers i n  the  margin ind ica t e  pagination i n  t h e  foreign t e x t .  
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Then the  flow i n  the  region of the  inc ident  shock on the  cy l inder  may be  
regarded as the  flow of  a two-dimensional uniform low-entropy stream over a 
p l a t e  a t  some angle a, disregarding the  surrounding flow (Figure 1 ) .  

The symbols used i n  Figure 1 correspond t o  symbols adopted i n  [l]. 

Thus [ 2 ]  we s h a l l  assume t h a t  t h e  s t ream l i n e  of t he  supersonic low- 
entropy stream a t  t h e  c r i t i c a l  po in t  C passes  through the  normal shock wave 7. 
I t  i s  necessary t o  know the  ve loc i ty  gradient at po in t  C as well as the  param- /93 
e t e r s  of  the inc ident  stream t o  determine t h e  hea t  t r a n s f e r  at t h i s  po in t  
(point C is  t h e  p ro jec t ion  o f  c r i t i c a l  l i n e  C - t h e  l i n e  over which the  low- 
entropy stream spreads out  and which i s  perpendicular  t o  t h e  cr i t ical  genera- 
t r i x  of  t he  cy l inder ) .  
inc ident  stream a t  t h i s  po in t  as wel l  as i t s  parameters. 
t h e  ve loc i ty  gradient  computed i n  [3] f o r  a two-dimensional stream of an 
incompressible f l u i d  as the  lower l i m i t  of  poss ib l e  values of t h e  v e l o c i t y  
grad ien t  : 

I t  is necessary t o  know t h e  gradient  of  increase  of t h e  
We take  the  value of 

In the  above equation u i s  the  ve loc i ty  along the  separa t ing  stream l i n e  
behind shock 7 and x i s  t h e  dis tance measured along l i n e  EF (Figure 1 ) .  If we 
s u b s t i t u t e  t h e  v e l o c i t y  grad ien t  (1.1) i n t o  t h e  equat ion f o r  t h e  dimensionless 
hea t  t r a n s f e r  parameter given by t h e  Stanton number Sa along the  cr i t ical  l i n e  
of  t h e  cy l inde r  i n  the  case of a laminar boundary l aye r  [S I ,  we obtain.  

which can be used t o  compute the  hea t  t r a n s f e r  a t  t h e  c r i t i c a l  po in t  of  a two- . 

dimensional supersonic  stream with width H i nc iden t  a t  an qngle a on a p l a t e .  
In  t h e  above equat ion p o  and P a r e  densi ty  and v i s c o s i t y  a t  c r i t i c a l  po in t  C 
whicle P i s  t h e  Prandt l  number. 
s u p e r s c r i p t s  for  the  shock waves i n  the in t e r f e rence  region [ l ]  and show t h a t  
the  p a r t i c u l a r  quan t i ty  i s  determined in  t h e  flow region behind the  s p e c i f i e d  
shock. 
po in t  of t he  spreading stream may be assumed t o  be equal t o  the  v e l o c i t y  
g rad ien t  obtained by genera l iz ing  t h e  r e s u l t s  of [SI. 

The numerical subsc r ip t s  correspond t o  the  

. 
The upper l i m i t  f o r  t he  value o f  t he  ve loc i ty  gradient at t h e  c r i t i ca l  

The t r u e  values  of t h e  ve loc i ty  grad ien t  l i e  
1 
~ 

' puta t ions  occurs when M = 2.7, which corresponds 

between these two l i m i t s  and apparently are c l o s e r  
t o  the upper l i m i t .  The width of the  "path" where 
t h e  t r u e  values of t he  gradient  a r e  unknown 
increases  with M .  The maximum width i n  our  com- 

4 
t o  M1 = 25 and t o  a value of S m  (C) = 27%. When 

M 

The ca lcu la t ion  of t h e  dimensionless hea t  t r a n s f e r  

= 5 the width of t h i s  path i s  equal t o  11%. 1 Figure 1 .  

2 



parameter Sm(C) when determining t h e  va loc i ty  grad ien t  from the  upper l i m i t  i s  
ca r r i ed  out with t h e  a i d  of equation 

In the  above equation h i s  t h e  r a t i o  of t he  low-entropy stream t o  t h e  4 
c r i t i c a l  ve loc i ty  of sound i n  the  stream. When t h e  heat  t r a n s f e r  at c i r i t c a l  
po in t  C i s  computed with the  a i d  of (1.2), and (1.3) it is a l s o  necessary t o  
know the  width of the  low-entropy stream H. 
time, it i s  not  poss ib le  t o  determine the separa t ion  dis tance of t he  shock wave 

out an exact so lu t ion  of gas dynamics equations f o r  t h e  e n t i r e  region where 
the  two shock waves i n t e r a c t .  However the  width of t h e  stream can be de t e r -  

shock i s  known. 

Unfortunately,  a t  t he  present  

* from the  cy l inder  (and consequently the width of t h e  low-entropy stream) with- 

mined semiempirically i f  t h e  d is tance  AB between t h e  junc t ion  poin ts  of t h e  h- n 
This i s  done by means of equation 

F i g u r e  2.  

Figure 3 .  

+: --.-I.; - 
L L U I I X I L ~  S= = S=(C) , 6 2 j ,  l i k e  the  

( 1  04) i sin(& - b3)sin(0; - 6;) 
sin 0; 

I n  t h e  above equation Oi i s  t h e  s lope  

II = AB 

of the i - t h  shock wave while 6i i s  t h e  flow 

ro ta t ion  angle i n  t h i s  shock. The quan t i ty  
AB is obtained experimentally at M = 5 as 
a function of t he  inc ident  shock wave in t en -  
s i t y .  This experimentally determined r e l a -  
t ionship  was used t o  compute the  numbers 
Sa(C) on t h e  M20 e l e c t r o n i c  d i g i t a l  computer 
using the  same value M = 5. The numbers 1 
Sm(C) were computed both f o r  the  upper and 
lower l i m i t s  of p ressure  gradient  v a r i a t i o n .  
The r e s u l t s  of t h e  ca lcu la t ions  f o r  M1 = 5 

a r e  shown i n  Figure 2 i n  t h e  form o f  two 
curves. The curve computed by means of 
equation (1.2) i s  designated by the  numeral 
3 w h i l e  the  curve computed by means of 
equation (1.3) i s  designated by 4. The 
curves a r e  func t ions  of  t he  inc ident  shock 
wave i n t e n s i t y  measured by t h e  flow r o t a t i o n  
angle 62 i n  t he  inc ident  shock. The r e l a -  

r e l a t i o n s h i p  f ~ r  t h e  t o t a l  pressme po7 [I], j 9 4  

1 

- 
has a maximum value with respec t  t o  6* but  t h i s  m a x i m u m  is l e s s  pronounced tnan 

t h e  p re s su re  maximum when M1 = 5 .  

angle  between the  stream d i r e c t i o n  and the  f r o n t a l  genera t r ix  of t he  cy l inde r  
was 90° because t h e  r e l a t i o n  a = ~ ( 6 ~ )  was not  known. 

I t  was assumed i n  the  ca lcu la t ions  t h a t  the  

3 



The hea t  t r a n s f e r  of a thin-walled s t e e l  cy l inde r  was ca re fu l ly  measured 
i n  order  t o  check t h e  r e s u l t s  of t h e  ca lcu la t ions .  The wall  thickness  of the  
cy l inder  was 0.75 mm and i t s  ex te rna l  diameter was 40 mm. 
t e s t e d  i n  t h e  TsAGI wind tunnel a t  M = 5. The r e s u l t s  of the  hea t  t r a n s f e r  

measurements were processed on the  e l e c t r o n i c  d i g i t a l  computer using a s p e c i a l  
program f o r  processing da ta  from hea t  experiments. A s  an i l l u s t r a t i o n  Figure 3 
shows the  r e s u l t s  of t he  comprehensive measurement of heat  t r a n s f e r  a t  M 

and 6 2  = 10 i n  the  form o f  t h e  r e l a t i o n  Sm = Sm(x/D) along the  c r i t i c a l  genera- 

t r i x  of  t h e  cyl inder .  
d i s t r i b u t i o n  o f  hea t  t r a n s f e r .  
entropy stream spreads is approximately 5 times g r e a t e r  than the  hea t  t r a n s f e r  

shows t h a t  hea t  t r a n s f e r  i n  the  v i c i n i t y  of  t h e  "peak" i s  approximately two 
times g r e a t e r  than the  t h e o r e t i c a l  value designated by numeral 1 f o r  t h e  
cy l inder  [4] and decreases i n  t h e  d i r ec t ion  of  la rge  values of x/D almost t o  
t h e  t h e o r e t i c a l  value.  
between experiment and theory.  The t h e o r e t i c a l  values a re  designated by the  
numeral 2 i n  Figure 3 [6] i n  the  region o f  t he  flow which has passed shocks 2 
and 6 [ l ] .  

The cy l inde r  was 
1 

= 5 1 

This re la t ionship  shows t h a t  t he re  is  a "peak" i n  t h e  
Heat t r a n s f e r  at  t h e  po in t  where t h e  low- 

t of a cy l inder  i n  an unperturbed flow [4]. The d i s t r i b u t i o n  of Sm over x/D 

U 

We should a l s o  mention t h a t  t h e r e  i s  good agreement 

A comparison of t h e  computed r e l a t i o n  Sm = Sm(C, 62)  with the  experimental 

peak values  o f  hea t  t r a n s f e r  i n  the  region where t h e  low-entropy s t ream spreads,  
is  shown i n  Figure 2. 
between computed peak values of heat  t r a n s f e r  and experimental values  i n  t h e  
range of  la rge  inc ident  shock wave i n t e n s i t i e s  6 2  > 17'. 

(d2  = l o o )  t he  experimental  values a re  below t h e ' t h e o r e t i c a l  values  f o r  

same reasons,  i . e .  due t o  the  e f f e c t  of v i s c o s i t y  on t h e  erosion of t he  low- 
entropy stream. For comparison Figure 2 shows the  values  of  t he  hea t  t r a n s f e r  
along t h e  c r i t i c a l  l i n e s  corresponding t o  a cy l inde r  (curve 1) i n  an unpertur- 
bed flow [4] and t h e  values  of hea t  t r a n s f e r  (curve 2)  computed by means o f  
equat ions i n  [6] on a cy l inder  i n  t h e  region of  flow behind shocks 2 and 6 [l]. 
These are severa l  times l e s s  than the  heat t r a n s f e r  i n  the  region where t h e  low- 
entropy stream spreads out .  

the  region of t h e  shock drop was observed d i r e c t l y  i n  an experiment on t h e  
e ros ion  of  ma te r i a l ,  us ing a P lex ig las  model of t h e  cy l inder  (with a diameter 
o f  40 mm). 
ces s ive  moments of time. 
at the  p l ace  where t h e  low-entropy stream spreads and a t  t h e  place where t h e  
boundary l aye r ,  broken off t h e  wedge, is at tached.  Thus t h e  r e s u l t s  of inves- 
t i g a t i o n s  on hea t  t r a n s f e r  i n  t h e  region of shock wave inc ident  on a cy l inder ,  
t oge the r  with t h e  r e s u l t s  e a r l i e r  published concerning t h e  in tense  ac t ion  of 
t h e  inc iden t  shock [l],  show t h a t  there  are s t rong  thermal f luxes  a t  t h e  place 
where t h e  low entropy stream spreads.  

A s  i n  the  case o f  p ressure  [ 13 t h e r e  i s  good agreement 

For lower i n t e n s i t i e s  

Along with measurements of hea t  t r a n s f e r ,  t h e  in tense  thermal ac t ion  i n  

Figure 4 shows t h e  Schieren photographs o f  t he  model a t  t h r e e  suc- 
The regions of maximum hea t  t r a n s f e r  a re  c l e a r l y  seen 

2.  The e f f e c t  of t he  inc ident  f low Mach number M on t h e  mechanical [l] and/g5 
thermal a c t i o n  of t he  shock wave incident  on t h e  cy l inde r  i s  i l l u s t r a t e d  i n  

4 



Figures 5 and 6. 
stream p 
turbed flow (Po, = 1.81) (Figure 5) and the  r e l a t i o n  S = SW(C)/Sm (Figure 6) o f  

the  hea t  t r a n s f e r  a t  c r i t i c a l  po in t  C to the  hea t  t r a n s f e r  Sm on t h e  c r i t i c a l  

l i n e  of t h e  cy l inder  [4] are presented for c r i t i c a l  po in t  C where the  low- 
entropy stream spreads ou t ,  as a function of inc ident  shock wave i n t e n s i t y .  

In these  f igures  t h e  r a t i o  of t h e  t o t a l  p ressure  i n  the  
t o  the  pressure  at the  critical l i n e  o f  t h e  cy l inder  i n  an unper- 07 

Figure 5. 

Figure 6. 

Figure 4. 

The data  o f  Figures 5 and 6 show t h a t  t h e r e  
i s  a very s t rong  increase  i n  pressure  and hea t  
t r a n s f e r  a t  t h e  c i r i t c a l  po in t  C when M increases .  

The computations were c a r r i e d  out on the  M-20 
e l ec t ron ic  d i g i t a l  computer using equations pre-  
sented i n  [ l ]  f o r  t h e  r a t i o  of t o t a l  p ressures  and 
using equations (1.2),  (1.3) o f  our work f o r  t h e  
r a t i o  of  Sm(C) numbers, assuming t h a t  the  gas  

remains idea l  a t  high Mach numbers. 
of [ 7  and 81 were used during t h e  ca lcu la t ion  of 
heat  t r a n s f e r  t o  ex t r apo la t e  t h e  experimental 
re la t ionship  H = H(62) t o  la rge  values of M. 

numbers M a r e  high t h e  dece lara t ion  of t he  gas  i n  
the  shock wave o r  i n  a system o f  shock waves leads 
t o  a subs t an t i a l  increase  i n  i t s  temperature,  
which i s  accompanied by d i s soc ia t ion  and ioniza-  
t i o n  o f  gas molecules as well as by assoc ia ted  
relaxat ion processes .  
so lu t ion  o f  t h e  problem of  shock wave in t e r f e rence ,  
taking in to  account changes i n  the  thermodynamic 
proper t ies  o f  t h e  gas,  becomes a complex problem. 
However i t  i s  of i n t e r e s t  t o  es t imate  the  nature  
of the mechanical and thermal ac t ion  of  the  i n c i -  
dent shock wave tak ing  i n t o  account v a r i a t i o n s  i n  

Also t h e  da t a  

3.  Under a c t u a l  condi t ions when t h e  Mach 

As a r e s u l t ,  t h e  exact  

5 



t he  r a t i o  of s p e c i f i c  h e a t s  6 .  I t  i s  wel l  known 
t h a t  K decreases as  t he  ve loc i ty  o f  t h e  inc iden t  
flow increases .  

Figure 7 shows t h e  computed values of t h e  
dimensionless pressure  coe f f i c i en t s  = PCK) 0 7max 
which are maximum with respect  t o  6 
expressed as  t h e  r e l a t i o n  

f o r  Mt = 10 2’  

P07m.x(X) / l 0 7 ~ 1 . =  I x-1.4 - i 
and t h e  heat t r a n s f e r  c o e f f i c i e n t s  Smm,(C) = S ( K )  

Figure  7. as the  r e l a t i o n  . 

I t  i s  d i f f i c u l t  t o  take  . into account t he  e f f e c t  of  x -on hea t  t r a n s f e r  a t  
t h e  c r i t i ca l  poin t  where the  low-entropy stream spreads because t h e r e  a r e  no 
da ta  on t h e  ve loc i ty  grad ien t  a t  po in t  C (Figure 1)  and on the  separa t ion  o f  
t h e  shock wave as a funct ion of ti.. 

hea t  conduct ivi ty  due only t o  the  Yariation i n  t h e  ctynamic parameter of t he  
stream, such as M ,  p .  and p .  

Therefore the  curve Sm(C) shows changes i n  

I* 

The curves i n  Figure 7 show t h a t  in  an ac tua l  case of; flow p a s t  a cy l inder  
a t  high. Mach numbers t h e  mechanical and thermal r eac t ion  of the  inc ident  shock 
wave w i l l  be more in t ense  than those i n  t h e  case of an i d e a l  gas .  

4. The presence of a breakaway region i n  f r o n t  of the  cy l inder  i n s t a l l e d  
on a p l a t e  across  the  inc iden t  flow a lso  leads t o  the  formation of  a low- 
entropy s t ream which produces an intense mechanical [ l ]  and thermal r eac t ion .  
Measurements of  h e a t  t r a n s f e r  on a cyl inder  of  t h i s  type  (diameter of 50 mm) 
were c a r r i e d  out  back i n  1964 a t  M1 = 5 bu t  t he  d e t a i l e d  r e s u l t s  of t hese  

i n v e s t i g a t i o n s  a re  not  presented i n  t h i s  a r t i c l e .  
mental values  of Sm(C) obtained i n  t h e  experiment corresponding t o  the  c r i t i ca l  

po in t  C when 

t a l  va lues  obtained a t  a later time (see Sect ion 1 ) .  

/96 

Figure 2 shows t h e  experi-  

These values a r e  i n  good agreement with experimen- 6 2  = 13O.5. 

5. The sweep-back angle of t h e  cyl inder  has  a very i n t e r e s t i n g  e f f e c t  on 
the  flow p i c t u r e  as well as on t h e  mechanical and thermal reac t ions  of  t h e  
low-entropy s t ream on t h e  cy l inder .  
i s  increased  from a zero value (see Figure 8,  a l )  the  i n t e n s i t y  of t he  detached 
bow wave of t h e  cy l inde r  decreases,  t h i s  produces a change i n  the  pressure  
f i e l d  of t h e  subsonic region (behind shocks 5 and 6 i n  Figure 2 ,  [ l ]  surround- 
i n g  t h e  low-entropy stream. As the  sweep-back angle i s  increased f u r t h e r  t h i s  
change i n  t h e  pressure  f i e l d  causes the junc t ion  poin ts  of the  A-shocks t o  

As t h e  sweep-back angle of t he  cy l inder  

’The flow p i c t u r e  i n  Figure 8 was obtained f o r  M1 = 5 and 62 = 15’ .  
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converge (Figure 8 ,  b)  and when x = 30" (Figure 8 ,  c)  t hese  po in t s  p r a c t i c a l l y  
run toge ther  i n t o  a s i n g l e  poin t .  

Figure 8. 

According t o  the  Wuest-Wecken diagram [9,  101 an increase  i n  the  sweep 
angle,  which leads t o  a decrease i n  the angle of t he  r e s u l t i n g  shock, i nd ica t e s  
t h a t  the  boundary AD1 of region G1 i s  approached ( the symbols a re  defined i n  

[9] .  This boundary i s  noteworthy because when K = 1.4,  t h e  Mach number behind 
the  r e s u l t i n g  shock i s  close t o  1. A f u r t h e r  increase  i n  t h e  sweep-back angle 
leads t o  region G 2  which determines the region where A-shocks e x i s t  (with two 

inc iden t  and one r e f l e c t e d  shocks).  

I t  t u r n s  out t h a t  t he  considered flow scheme with two successive A-shocks 
disappears  completely (Figure 8, d ) ,  and the  angular po in t s  of t he  A-shocks 
blend i n t o  one, thereby forming a A-shocks blend i n t o  one, thereby forming a 
A -  shock which belongs t o  region G 2 .  Thus, when a system cons is t ing  of  two 

A-shocks disappears  the  low-entropy stream produced by t h i s  system a l s o  disap- 
pea r s ,  t oge the r  with a l l  of the  react ions produced by t h i s  stream. 

The above information can be used t o  obta in  t h e  approximate l i m i t s  f o r  t h e  
maximum sweep-back angles ( the maximum sweep-back angles x = 44O, 3S0, 35O.5, 
3S0,  34O.6, 3 4 O . 5  correspond t o  the numbers M1 = 3 ,  5, 10, 15, 20 and 25)  
beyond which the  system of shocks which produces t h e  low-entropy stream, as a 
func t ion  of M of  t h e  inc iden t  flow, disappears.  The r e s u l t s  on t h e  maximum 

sweep-back angle were compared with experimental r e s u l t s  obtained at  M = 5 ,  

a sweep-back angle of approximately 38" and an inc iden t  shock flow r o t a t i o n  

1 
1 

The angle  of  1 3 ~  = 15' f o r  t h ree  angles o f  sweep-back, x = 0,  30 and 45'. /9 7 
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experimental da ta  are r a t h e r  convincing evidence of  t h e  disappearance o f  t h e  
peak i n  t h e  d i s t r i b u t i o n  of pressure  and hea t  t r a n s f e r  when t h e  sweep-back 
angle lies beyond the  boundary of  t h e  maximum angles.  
t he  heat  conduct ivi ty  have a sharp maximum when x = 0 and 30", then when x = 
= 45" they a re  p r a c t i c a l l y  constant ,  i . e .  they do not  have extreme va lues .  

If both t h e  pressure  and 

Thus the  r e s u l t s  of the  experiment confirm t h e  v a l i d i t y  of conclusions 
reached concerning the  disappearance of t he  system o f  shocks which generates 
t h e  low-entropy stream when t h e  sweep-back angle of t h e  cy l inder  i s  increased 
and hence the  diszppearance of mechanical and thermal reac t ions  of  t h i s  stream 
on the  cy l inder .  
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